Tomato spotted wilt virus (TSWV, Genus: Tospovirus, Family: Bunyaviridae) is a major constraint to the production of several different crops of agronomic and horticultural importance worldwide. The amino acid sequence of the two envelope membrane glycoproteins, designated as G N (N-terminal) and G C (C-terminal), of TSWV contain several tripeptide sequences, Asn-Xaa-Ser/Thr, suggesting that the proteins are N-glycosylated. In this study, the lectin-binding properties of the viral glycoproteins and their sensitivities to glycosidases were examined to obtain information on the nature of potential oligosaccharide moieties present on G N and G C . The viral proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and probed by affinoblotting using a battery of biotinylated lectins with specificity to different oligosaccharide structures. G C showed strong binding with five mannose-binding lectins, four Nacetyllactosamine-binding lectins and one fucose-binding lectin. G N was resolved into two molecular masses and only the slow migrating form showed binding, albeit to a lesser extent than G C , with three of the five mannose-binding lectins. The N-acetyllactosamine-and fucosespecific lectins did not bind to either molecular mass form of G N . None of the galactose-, N-acetylgalactosamine-, or sialic acid-binding lectins tested showed binding specificity to G C or G N . Treatment of the denatured virions with endoglycosidase H and peptide:N-glycosidase F (PNGase F) resulted in a significant decrease in the binding of G C to high mannose-and N-acetyllactosamine-specific lectins. However, no such differences in lectin binding were apparent with G N . These results indicate the presence of N-linked oligosaccharides of high mannoseand complex-type on G C and possibly high mannose-type on G N . Differences in the extent of binding of the two envelope glycoproteins to different lectins suggest that G C is likely to be more heavily N-glycosylated than G N . No evidence was observed for the presence of O-linked oligosaccharides on G N or G C .
Introduction
Tomato spotted wilt virus (TSWV), the type member of the genus Tospovirus in the family Bunyaviridae, is by far the most economically important tospovirus with a broad host range and worldwide distribution (Goldbach and Peters, 1994) . The pleomorphic particles of TSWV contain a tripartite genome of negative or ambisense polarity. The L-RNA is negative sense and encodes the 331.5-kDa putative RNA-dependent RNA polymerase in the viral complementary (vc) sense. The M-RNA is ambisense and encodes the 33.6-kDa nonstructural (NSm) protein in the viral (v) sense and the 127.4-kDa G N -G C protein precursor in the vc sense. This precursor protein is likely cleaved cotranslationally into two envelope membrane glycoproteins, designated as G N (the N-terminal protein) and G C (the Cterminal protein), with molecular masses of approximately 58 and 78 kDa, respectively. The ambisense S-RNA encodes the 52.4-kDa nonstructural (NSs) protein in the v sense and the 29-kDa nucleocapsid (N) protein in the vc sense (German et al., 1992) . The three genomic RNAs are individually encapsidated by many copies of the N protein and surrounded by a host-derived lipid envelope in which G N and G C are integrated. The two glycoproteins are seen as spike-like projections covering the surface of the virus particle.
The life cycle of TSWV involves transmission from plant to plant by arthropod vectors; being transmitted in nature by several species of phytophagous thrips (Thysanoptera: Thripidae) (Mound, 1996) . Thrips-mediated transmission of TSWV is unique among plant viruses in that the process is closely linked to the developmental stages of the thrips on plants. It is now well established that successful transmission by adult thrips occurs only when the virus is acquired at the larval stage of the thrips life cycle (Van de Wetering et al., 1996) . This type of interdependency between vector lifestage and productive virus transmission is quite complex and involves multiple infection and dissemination barriers related to the metamorphosis of thrips vectors (Kritzman et al., 2002; Nagata et al., 1999) .
The accepted view is that the envelope glycoproteins G N and G C play a vital role in TSWV acquisition by the vector thrips. Two different observations support this contention. First, electron microscopy and immunolocalization studies have revealed binding of TSWV envelope glycoproteins to the brush border plasmalemma of thrips larval midgut epithelial cells (Ullman et al., , 1995 . Second, the envelope-deficient mutants of TSWV can no longer be acquired by thrips vector, although such mutants can be mechanically transmitted to plants (Resende et al., 1991; Verkleij and Peters, 1983) . Ullman et al. (1997) proposed that the initial stages of virus -vector interactions facilitating TSWV entry into thrips midgut cells could involve interaction between virion envelope glycoproteins and viral attachment proteins at the midgut apical plasmalemma, resulting in virus fusion with the cell membrane surface followed by virus uncoating and entry. However, the functional analyses of G N and G C in virus -vector interactions leading to thrips larval midgut infection by TSWV have not been elucidated, although a putative virus binding protein in the midgut plasmalemma of thrips vector has been reported (Bandla et al., 1998) .
The envelope membrane proteins of all animal-and human-infecting viruses examined to date in the family Bunyaviridae (Geyer and Geyer, 2000; and references therein) are modified by the covalent addition of asparagine-linked oligosaccharides. This process, called N-glycosylation, occurs co-translationally in the rough endoplasmic reticulum (RER) and involves addition of the presynthesized oligosaccharide, Glc 3 Man 9 GlcNAc 2 , from a lipid precursor to an asparagine residue in the tripeptide sequence Asn-Xaa-Ser/Thr, where Xaa is any amino acid except proline (Kornfeld and Kornfeld, 1985) . Subsequent processing of the oligosaccharide side chains on glycoproteins from high mannose-through hybrid-to complex-type takes place in the Golgi complex by the sequential removal and addition of monosaccharide units by a series of glycosidase and glycosyltransferase enzymes (Helenius and Aebi, 2001) . To date, however, no evidence for O-linked (via serine/threonine, mucin type) oligosaccharides in the family Bunyaviridae has been obtained (Geyer and Geyer, 2000; and references therein) .
Like other members of the family Bunyaviridae, the glycoproteins of TSWV are postulated to be type I integral membrane proteins (Pettersson and Melin, 1996) . Likewise, the plant-infecting tospoviruses are expected to contain Nlinked oligosaccharides on the envelope membrane glycoproteins as the amino acid sequence analysis of G N -G C precursor protein revealed a variable number of Asn-Xaa-Ser/Thr sequences in the G N and G C proteins (Kormelink et al., 1992; Fig. 1) . Indeed, experimental evidence that G N and G C proteins can be N-glycosylated in insect (Adkins et al., 1996) and mammalian cells (Kikkert et al., 2001) has been presented. However, information on the number of Asn-Xaa-Ser/Thr sequences that are actually N-glycosylated and the types of oligosaccharides present on G N and G C proteins is lacking. A detailed knowledge of the carbohydrate structures on the virion's surface glycoproteins is needed to better understand the potential role of the oligosaccharide moieties in the life cycle of TSWV.
In this study, the type of N-linked oligosaccharides (Kornfeld and Kornfeld, 1985) associated with TSWV envelope glycoproteins was examined by exploiting the ability of lectins (Lis and Sharon, 1986) to detect subtle variations in the structure of oligosaccharides found on glycoproteins. In addition, glycosidases (O'Neill, 1996) were used to determine if TSWV envelope glycoproteins contain simple (i.e. high mannose-type) or complex-type Nlinked oligosaccharide structures. The results presented here indicate the presence of N-linked oligosaccharides of high mannose-and complex-type on G C and possibly high mannose-type on G N of TSWV particles purified from plants. In addition, differences in the extent of binding of the two envelope glycoproteins to different lectins suggest Fig. 1 . Linear drawing of the TSWV envelope glycoprotein precursor (1135 amino acids) based on the sequence of Kormelink et al. (1992) . The hydrophobic sequences (signal sequence/transmembrane domain) are indicated (among amino acids 1 -35, 316 -386, 428 -484, and 1051 -1091) as solid boxes (n). The potential cleavage sites are indicated by an arrow ( ). Potential N-glycosylation sites (Asn-X-Ser/Thr) on G N (five at residues 116, 210, 318, 340, and 395) and G C (three at residues 605, 980, and 1095) are indicated above the map (Y). Only two of the three in G C and two of the five in G N are thought to be present in their external domains facing the luminal side of RER and thus are accessible for N-glycosylation. The remaining sites are positioned either in the predicted transmembrane anchor domains or in C-terminal sequences oriented towards the cytoplasmic side of RER and thus are not accessible for N-glycosylation. that the Asn-Xaa-Ser/Thr sequences in G C may be Nglycosylated more extensively than those present in G N .
Results
A battery of biotin-labeled lectins with binding specificities to different oligosaccharide structures was used on SDS-PAGE-separated proteins to determine the type of oligosaccharides present on TSWV glycoproteins. The specificity of lectin binding to viral proteins was tested by adding the appropriate sugar to competitively inhibit the binding of each lectin. Only those virus protein bands that were bound by lectins during incubation, but were inhibited in the presence of the respective inhibitory sugar, were considered to be interacting with the lectin through a specific carbohydrate recognition site (Table 1) .
Lectins with specificities directed to the a-mannosyl residues in the tri-mannosyl core portion of N-linked oligosaccharides show differences in binding to TSWV glycoproteins Five different lectins with binding specificity to a-mannosyl residues in the high mannose-(GNL, NPL and HHL) and complex-type (LCA and PSA) N-linked oligosacchar- ides were tested for their ability to bind to TSWV glycoproteins. GNL, with binding specificity toward high mannose-type oligosaccharide structures containing a1 ! 3 mannose residues, NPL with specificity toward a-linked mannose (preferring polymannose structures containing a1 ! 6 linkages), and HHL with specificity toward both a1 ! 3 and a1 ! 6 linked mannose, showed strong binding to G C and N ( Fig. 2A ). LCA and PSA, which binds to bi-and C-2, C-2,6 branched tri-antennary, complex-type N-linked oligosaccharides with fucose linked a1 ! 6 to the innermost GlcNAc residue in the tri-mannosyl core, showed strong binding similar to the above three lectins (Fig. 2B ). Lack of binding in the presence of competing sugar, 200 mM amethyl mannoside (or) a-methyl glucoside, confirmed the specificity of binding of these lectins with G C . These results suggest that G C contain high mannose-and bi-and triantennary complex-type oligosaccharides. Unlike G C , G N was consistently resolved into two sizes with apparent molecular masses of 53 and 58 kDa when purified TSWV particle proteins were analyzed in SDS-PAGE (data not shown). The resolution of G N into two sizes was also documented in previous reports (Mohamed et al., 1973; Tas et al., 1977) . In affinoblots, the 58-kDa form of G N showed specific affinity to GNL, PSA, and LCA lectins ( Figs. 2A, B ), albeit with reduced binding intensity than G C . In contrast, the fast migrating 53 kDa form of G N did not show binding to lectins in affinoblots. These results suggest that the 58-kDa form, and not 53-kDa form, possibly contain high mannose-type N-linked oligosaccharides. Interestingly, the 53-kDa form, but not the 58-kDa form, reacted with G Nspecific monoclonal antibody (MAb) in immunoblots (lane labeled as TSWV in Figs. 2A, B ). The absence of signal with the 58-kDa form in immunoblots is likely due to the conformation-sensitive nature of the G N -specific MAb because this MAb was produced against denatured TSWV glycoproteins extracted from SDS-PAGE gels .
Although the N protein shows binding to the above five lectins, this binding was not abolished in the presence of competing sugar. Thus, the observed signal is likely due to nonspecific binding with hydrophobic domains in the N protein that are exposed under denaturing conditions during SDS-PAGE. Nonspecific staining of N protein was also observed in previous studies (Mohamed et al., 1973; Tas et al., 1977) when TSWV proteins were tested for the presence of carbohydrates with Schiff's reagent. The denatured viral proteins (5 Ag of protein in each lane) were resolved by SDS-PAGE, transferred onto nitrocellulose membrane by Western blotting, and located with biotinylated lectins using the alkaline phosphatase-based chemiluminescence system. One set of the membrane strips was incubated with lectins showing specificity to N-linked oligosaccharides containing (A) high-mannose, (B) bi-and tri-antennary complex structures fucosylated (a1!6) at the innermost GlcNAc residue in the core, and (C) outer chain structures containing Nacetyllactosamine residues. The specific binding of lectins with viral proteins was ascertained by probing another set of strips in the presence of both lectin and the corresponding sugar hapten. ' À ' indicates incubation with lectin only, ' + ' indicates incubation with lectin plus competing sugar hapten. The molecular masses of TSWV proteins, identified in immunoblots by their reaction with G C -, G N -, and N-specific MAbs and in affinoblots by their binding with lectins, are indicated by arrow to the left. See Table 1 and Materials and methods for details.
N-linked complex-type oligosaccharides on TSWV G C contain fucosyl residue a1!6 linked to the tri-mannosyl core AAL binds preferentially to N-linked complex-type oligosaccharides with the Fuca1!6 linked to the innermost GlcNAc residue of the tri-mannosyl core. In affinoblots, AAL showed binding to G C . This binding was competitively inhibited in the presence of 100 mM L-fucose, confirming the binding specificity between AAL and G C (Fig. 2B) . Although three other bands showed weak binding to AAL, their estimated molecular masses did not correspond to the two size forms of G N or N proteins indicating that these bands are non-viral proteins showing binding to the lectin. UEA-I, which shows affinity preferentially to fucose in the outer sugar chain structures with the sequence Fuca1! 2Galh1!4GlcNAc, failed to bind with either of the TSWV glycoproteins (Table 1 ). In conjunction with LCA and PSA binding data, these results indicate that the bi-and triantennary complex-type oligosaccharides attached to G C contain Fuca1!6 linked to the innermost GlcNAc residue in the tri-mannosyl core. Lack of binding to UEA-I suggests the absence of a fucose residue in the outer chains of these oligosaccharides.
N-linked complex-type oligosaccharides on TSWV G C contain N-acetyllactosamine residues in the outer chain structures
The bi-and tri-antennary complex-type oligosaccharides show structural diversity in the side chains attached to the amannose residues in the tri-mannosyl core (Kornfeld and Kornfeld, 1985) . To study the variation in the outer chain structures of the bi-and tri-antennary complex-type oligosaccharides present on TSWV glycoproteins, lectins showing binding specificity to different outer chain sugar residues were tested by affinoblotting.
WGA with high affinity for hybrid-type sugar chains containing a bisecting GlcNAc residue linked to the Manh1!4 unit of the tri-mannosyl core, DSL with affinity to oligosaccharides having two linear, unbranched N-acetyllactosamine sequences [(Galh1!4GlcNAch1 ! 3) 1fn Galh1!4GlcNAch1!R, where R = tri-mannosyl core], STL and LEL with binding affinity to unbranched poly-Nacetyllactosamine-containing oligosaccharides [(Galh1! 4GlcNAch1!3) 2fn Galh1!4GlcNAch1!R], showed binding only with G C (Fig. 2C ). In the presence of competing sugar, either 200 mM GlcNAc or 250 mM chitin hydrolysate (oligomers of GlcNAc), this binding was abolished confirming the specificity of binding of these four lectins to G C . These results indicate the presence of N-acetyllactosamine groups in the outer chain structures of N-linked oligosaccharides on G C . WGA, DSL, STL, and LEL showed no binding to G N (Fig. 2C ). There was no nonspecific binding of these four lectins with N protein, as noticed above with mannose-binding lectins.
N-linked complex-type oligosaccharides on TSWV envelope glycoproteins lack N-acetylgalactosamine, galactose, and sialic acid residues in the outer chain structures RCA-I, known to bind primarily to complex-type or hybrid-type sugar chains at the terminal non-sialylated Galh1!4GlcNAc sugar sequence, failed to bind with TSWV glycoproteins (Table 1) . Similarly, SBA (specificity for aor h-linked GalNAc and to a lesser extent galactose), DBA (specificity to a-linked GalNAc), and GSL-I (specificity to terminal a-galactose or a-GalNAc) showed no binding to TSWV glycoproteins. These results clearly indicated lack of terminal galactose and GalNAc residues in the N-linked oligosaccharides of TSWV envelope glycoproteins.
MAA, which reacts with the terminal sequence Neu5-Aca2!3Galh1!4GlcNAch1 structure, did not bind to either of the envelope glycoproteins. SNA, which recognizes the terminal sequence Neu5Aca2!6Galh1! 4GlcNAch1 structure, showed binding to proteins in the region where G N protein is localized. However, this binding was not affected in the presence of competing sugar, 400 mM lactose, indicating nonspecific binding of SNA (Table  1) . Thus, the absence of specific binding of MAA and SNA lectins suggests the lack of sialic acid in outer sugar chains on the TSWV glycoproteins.
O-linked oligosaccharides are not present on TSWV envelope glycoproteins
The peanut lectin (PNA), with specificity to Galh1! 3GalNAca1!Ser/Thr, is widely used to reveal O-linked oligosaccharides on glycoproteins. In affinoblots, PNA did not bind with either of the two viral glycoproteins (Table 1) , indicating the absence of O-linked carbohydrates on TSWV glycoproteins.
The N-linked oligosaccharides on G C protein of TSWV are cleaved by both endoglycosydase H (endo H) and peptide: N-glycosidase F (PNGase F)
The virion glycoproteins were treated with two enzymes, a glycosidase (endo H) and an amidase (PNGase F), to obtain information on the type of N-linked oligosaccharides present on the glycoproteins. Owing to its specificity, endo H is only able to release high-mannose/ hybrid-type N-linked oligosaccharides by hydrolyzing the glycosidic bond between the two GlcNAc residues of the trimannosyl core (R!GlcNAch1!4GlcNAc!Asn-peptide R!GlcNAc + GlcNAc!Asn-peptide, where R = sugar chain). In contrast, PNGase F hydrolyses the Asn!GlcNAc GlcNAc bond (R!GlcNAch1!4GlcNAc!Asn-peptide R!GlcNAch1!4GlcNAc + Asn-peptide) and releases all classes of N-linked oligosaccharides, including high mannose/hybrid-and complex-type N-linked oligosaccharides (Tarentino et al., 1985) .
In vitro deglycosylation assays were carried out on denatured virion proteins with endo H or PNGase F. Proteins were denatured before enzyme treatments to enhance exposure of viral-attached oligosaccharides to these two enzymes. Proteins in enzyme-treated and control samples were then resolved in SDS-PAGE, transferred onto nitrocellulose membrane, and probed by lectin affinoblotting using representative lectins showing specificity to different oligosaccharide structures. As shown in Figs. 3A,  B , HHL and LCA binding to G C was significantly reduced by treatment with endo H when compared to the untreated controls. The results with HHL (specificity to high mannose-type oligosaccharides) suggest that most, but not all, high mannose-type oligosaccharides were removed by endo H treatment. Since LCA basically interacts with a-mannosyl residues in the complex-type oligosaccharides, weak binding with G C is likely due to the presence of complex-type oligosaccharides that are not cleaved by endo H. Indeed, the assumption that G C contains N-linked complex-type oligosaccharides is supported by deglycosylation of denatured viral samples with PNGase F followed by affinoblotting with LCA and STL (binding specificity to poly-N-acetyllactosamine-containing oligosaccharides). This result is shown in Fig. 4 , where G C from PNGase F-treated samples did not significantly bind to LCA (Fig. 4A) or STL (Fig.  4B) compared to G C from samples not treated with the enzyme. Removal of N-linked complex-type oligosaccharides by PNGase F also demonstrates the presence of fucose residue a1 ! 6 linked to the innermost GlcNAc residue in the tri-mannosyl core structures in the G C oligosaccharides, whereas N-linked complex-type oligosaccharides with fucose residue a1 ! 3 linked to the innermost GlcNAc residue in the tri-mannosyl core structures are resistant to deglycosylation by PNGase F (Tretter et al., 1991) . Indeed, that deglycosylation with endo H or PNGase F did not affect the protein backbone is supported by the observation that the protein part of G C remained intact as shown by the reaction with G C -specific MAb (Figs. 3C, 4C ). Thus, in vitro deglycosylation results confirm that G C contains Nlinked oligosaccharide structures and, in agreement with lectin affinoblotting data (Fig. 2) , they are of high mannosetype and complex-type with fucose a1 ! 6 linked to the tri-mannosyl cores.
The G N from in vitro deglycosylated samples resolved into a single band in SDS-PAGE with an estimated molecular mass of 53 kDa and showed no marked difference in binding to HHL and LCA between endo H or PNGase Ftreated and untreated controls (Figs. 3A, B, and 4A) . Additionally, this band did not show binding with STL in either PNGase F-treated or control samples (Fig. 4B ), but was detected by G N -specific MAb (Fig. 4C) . The possible reasons for lack of differences in G N binding with HHL and LCA between deglycosylated and control samples are dealt with in the Discussion.
Like in affinoblots ( Figs. 2A, B) , the N protein showed binding with HHL and LCA in both deglycosylated and control samples (Figs. 3A, B, and 4A) . Additionally, several low molecular protein bands also showed binding with HHL and LCA, but not with STL, in both deglycosylated and control samples, indicating nonspecific binding only with mannose-binding lectins like HHL and LCA. None of these bands reacted with G N -, G C -, or N-specific antibodies suggesting that they may be of host cell origin, copurifying with virus particles. The obvious lack of binding with HHL and LCA lectins in affinoblots ( Figs. 2A, B) implies that the deglycosylation conditions used in our experiments could cause subtle alterations in these cellular proteins resulting in such a nonspecific binding.
The G N and G C of TSWV contain three and five potential N-glycosylation sites, respectively (Fig. 1) . However, only two of the three in G C and two of the five in G N are present in their external domains facing the luminal side of RER and thus are accessible for N-glycosylation. The remaining sites are positioned either in the predicted transmembrane anchor domains or in sequences C-terminal to these domains and thus may not be accessible for N-glycosylation. If the two potential N-glycosylation sites in G N and G C are used for Nglycosylation and, assuming that each N-linked oligosaccharide contributes 2 kDa per structure to the mass of a glycoprotein (based on whether the oligosaccharide is high mannose-type that comprises 10 residues of approximately 200 Da each or hybrid/complex-type composed of 10-12 residues each; Kornfeld and Kornfeld, 1985) , then complete deglycosylation should reduce their apparent size by about 4 kDa. The SDS-PAGE results indicated slightly altered mobility of G C in endo H- (Figs. 3A, B) and PNGase Ftreated samples (Figs. 4A, B ) when compared to their respective untreated controls. Although it is difficult to get precise molecular mass values of G C protein in SDS-PAGE gels due to its comparatively large molecular mass, the estimated masses of G C proteins from untreated and deglycosylated samples are 78 and 74 kDa, respectively. Such determinations for G N protein, however, were not done because the 53-kDa form did not show differences between pre-and post-enzyme treatment in deglycosylation assays.
Discussion
Lectins with specificity to different oligosaccharide structures and a variety of endoglycosidase and glycoamidase enzymes have been used in conjunction with SDS-PAGE and Western blotting to examine the type of oligosaccharides on the virion glycoproteins of several enveloped viruses (Adam et al., 1987; Benko and Gibson, 1986; Dietzgen and Francki, 1988; Hammar et al., 1989; Hansen et al., 1989) for which it is difficult to obtain pure glycoprotein preparations. A similar approach was adapted for determining the type of oligosaccharides present on the TSWV envelope glycoproteins. The results presented in this study provide for the first time evidence for the presence of N-linked oligosaccharides on envelope glycoproteins of a plant-infecting member of the family Bunyaviridae. Additionally, variation in lectin binding profiles indicate subtle differences among the oligosaccharides attached to the Nglycosylation sites on TSWV glycoproteins. There was no evidence of sialylation or outer-chain fucosylation of the oligosaccharide structures on either G N or G C . There was also no indication of O-linked oligosaccharides present on these glycoproteins. When compared with the current knowledge about the N-linked oligosaccharide structures present on the glycoproteins of the Bunyaviridae family of viruses (Geyer and Geyer, 2000) , the results obtained with TSWV highlight differences in the N-linked oligosaccharide structures between animal-infecting and plant-infecting bunyaviruses. This is likely due to differences in protein glycosylation between plant and mammalian systems Lis and Sharon, 1993; Rayon et al., 1998) .
The lectin affinoblotting (Table 1, Fig. 2 ) and in vitro deglycosylation assays (Figs. 3, 4) indicate that both high mannose-and complex-type N-linked oligosaccharides could be present on G C . The endo H and PNGase F susceptibility of G C suggests that it is incompletely processed through the Golgi system, the site of TSWV particle morphogenesis in plants (Kikkert et al., 1999) . The susceptibility of N-linked oligosaccharides to PNGase F demonstrates the presence of fucose residue a1 ! 6 linked to the innermost GlcNAc in the tri-mannosyl core structure of complex-type oligosaccharides on G C . This is further reinforced by the observation that AAL binds preferentially to fucose residue a1 ! 6 linked to the innermost GlcNAc in the tri-mannosyl core structures of complex-type oligosaccharides. The approximately 4-kDa shift in electrophoretic mobility observed after treatment with either endo H or PNGase F suggests that the two N-glycosylation sites present in the luminal part of G C protein (positions Asn605 and Asn980 in the G N -G C protein precursor, Fig.  1 ) are likely glycosylated. The heterogeneity in N-linked oligosaccharides observed on G C of mature virions would further suggest differences in processing at individual Nglycosylation sites.
The G N from purified TSWV particles apparently resolve into two size forms in SDS-PAGE gels with estimated molecular masses of 53 and 58 kDa (Mohamed et al., 1973; Tas et al., 1977; present study) . The resolution of G N into two size forms seems to be typical for tospoviruses and the 53-kDa form is believed to be a y degradation product of the intact 58-kDa glycoprotein . However, the reason for such a selective degradation of G N and how this process related to the observed differences in lectin binding between the two size forms of G N in affinoblots is presently not clear. Binding of the 58-kDa form of G N only with GNL, PSA, and LCA in affinoblots (Fig. 2) , albeit to a lesser binding intensity than G C , would suggest that high mannose-type oligosaccharides are likely present on this protein. Two possible explanations for weak binding of 58-kDa form of G N with the above lectins might be (i) sustained protein conformation makes oligosaccharides less accessible for interaction with lectins or (ii) either or both of the potential N-glycosylation sites present in the luminal part of the protein (positions Asn116 and Asn210 in the G N -G C protein precursor, Fig. 1) are less efficiently glycosylated.
The strong binding of G N and other non-viral protein bands with HHL and LCA in deglycosylation assays (Figs.
3, 4) as opposed to results from affinoblotting ( Figs. 2A, B ) may be due to the differences in experimental conditions used for the two assays. The equal intensity of G N binding with HHL and LCA, and lack of binding with STL, in both deglycosylated and control samples, would suggest nonspecific binding of the lectins to hydrophobic domains in G N protein that are exposed during denaturation. It is also likely that conformational changes occur in G N during deglycosylation assay conditions and influence the accessibility of Endo H and PNGase F to the N-linked oligosaccharides attached to G N . Another possible explanation would be that protein(s) of host cellular origin comigrating as contaminants with G N bind nonspecifically with HHL and LCA and potentially mask the differences in signal between glycosylated and deglycosylated forms of G N .
N-glycosylation is one of the most common co-translational modifications that viral membrane proteins undergo en route to their target organelles in the cell. After the transfer of a high mannose-type oligosaccharides precursor (Glc 3 Man 9 GlcNAc 2 ) to a specific Asn-Xaa-Ser/Thr sequence in the nascent polypeptide in the lumen of the RER, post-translational processing of this precursor occurs in the Golgi apparatus to produce a variety of high mannoseand complex-type oligosaccharides (Helenius and Aebi, 2001) . Although both glycoproteins of TSWV have Nglycosylation sequences in their primary amino acid sequence (Kormelink et al., 1992) and can be glycosylated when expressed in insect cell- (Adkins et al., 1996) and mammalian cell-based systems (Kikkert et al., 2001) , the results presented in this study suggest that G C is more heavily glycosylated with N-linked high mannose-and complex-type oligosaccharides than G N in mature virions. This would suggest an important structural and biological role for N-linked oligosaccharides on G C in the life cycle of tospoviruses. The occurrence of a variable number of Nglycosylation sequences in the luminal part of G C proteins of six tospoviruses examined to date (Cortez et al., 2002) , and their absence in the polypeptide luminal part of G N in three of these six virus species, reinforce this suggestion.
TSWV genomic RNAs do not encode glycosydase and glycosyltransferase enzymes. Hence, viral envelope membrane glycosylation is a product of interaction between the viral protein sequences and the host cell's glycosylation apparatus. Thus, lack of sialic acid residues in TSWV glycoproteins is expected because the biochemical machinery for terminal sialylation of N-linked complex oligosaccharides in mammalian systems is absent in plants Rayon et al., 1998) . Specific binding of G C to LCA and AAL, and its deglycosylation by PNGase F, suggest that the complex-type N-linked oligosaccharides on TSWV have fucose a1 ! 6 linked to the innermost GlcNAc of the tri-mannosyl core. This is in contrast to complex-type oligosaccharides N-linked to plant glycoproteins where fucose is a1 ! 3 linked to the innermost GlcNAc of the tri-mannosyl core . Whether TSWV G C contains xylose residue h1 ! 2 linked to mannose of the tri-mannosyl core, as seen with complextype oligosaccharides in plants, is not determined in this study. Differences between complex-type oligosaccharide side chains put onto the viral surface glycoproteins and host cell glycoproteins have been observed in animal-infecting enveloped viruses (Deom and Schulze, 1985) , suggesting that the profiles of N-linked oligosaccharides on viral glycoproteins are not necessarily representative of the structures typically found on the cellular glycoproteins. Thus, virus infection could exploit the host plant cell glycosylation pathway, including modulation of host cellular glycosyltransferase specificities or activities, to synthesize functional virus glycoproteins containing a repertoire of N-linked oligosaccharide structures with characteristics distinct from host glycoproteins. In this context, it should also be mentioned that changes in kinetic properties of glycosyltransferases have been observed in cells after infection with herpes simplex virus (Olofsson et al., 1980) . N-linked oligosaccharides perform a broad range of functions in glycoproteins, ranging from stabilization of the native conformation to intracellular targeting (Helenius and Aebi, 2001; Varki, 1993) . In the case of enveloped animal/human viruses, the oligosaccharides have been suggested as being important in the structure/function of the envelope glycoproteins (Dedera et al., 1992; Delos et al., 2002; Deom et al., 1986; Felkner and Roth, 1992) . Additionally, the number and composition of N-linked oligosaccharides on the surface of enveloped viruses likely participate in and modulate numerous interactions with host cell surface molecules for purposes such as attachment/ receptor binding (Deom et al., 1986; Li et al., 1993) . In the case of TSWV, inhibition of N-glycosylation in the presence of tunicamycin was reported to diminish G N -G C precursor protein cleavage and hampered transport from RER to the Golgi complex in non-plant systems (Kikkert et al., 2001) . Presumably, the absence of N-linked oligosaccharides results in aberrant folding of the proteins, which, in turn, leads to less efficient maturation of the precursor molecule. Although the two glycoproteins of TSWV are implicated in mediating virion attachment to the thrips midgut cellular 'receptor' proteins (Bandla et al., 1998) , the precise role of these glycoproteins in the cascade of events leading to virus acquisition by thrips vectors is unknown. Available information on animal-infecting bunyaviruses like California encephalitis virus (Hacker and Hardy, 1997; Hacker et al., 1995) and La Crosse virus (Ludwig et al., 1989 (Ludwig et al., , 1991 Sundin et al., 1987 ) implicate G C as the possible viral attachment protein during the initial events of virus -vector interactions leading to virus entry into the vector midgut cells. Since the envelope glycoproteins have a critical role in virus acquisition by vector thrips, it can be hypothesized that the N-linked oligosaccharides present on TSWV glycoproteins could play a fundamental role during the initial steps of virus -vector thrips interactions. Clearly, the diversity in N-linked oligosaccharide structures on envelope membrane glycoproteins and the biological rele-vance of extensive glycosylation of G C in the life cycle of TSWV are an important subject for further investigation.
Materials and methods

Virus isolate
A TSWV isolate collected from peanut in Georgia was used in all experiments. The virus was maintained on Emilia sonchifolia (L.) DC. Ex Wight. by thrips (Frankliniella occidentalis, Perg.) transmission at regular intervals.
Virus purification
Virus was propagated in Jimson weed (Datura stramonium L.) by mechanical inoculation. Inoculated plants were maintained in growth chambers under controlled environmental conditions (28 jC and 16 h photoperiod). Virions were isolated from leaves showing first flush of systemic symptoms (Mohamed et al., 1973) .
Gel electrophoresis and Western blotting
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed (Laemmli, 1970) in a mini-slab gel apparatus (Bio-Rad Laboratories, USA). Pelleted virions were suspended in SDS-PAGE sample buffer and denatured by heating in boiling water for 3 min. The denatured viral proteins were resolved in a 10% running gel with a 4% stacking gel prepared with an acrylamide/methylene-bis-acrylamide ratio of 38:1. Five micrograms of purified viral preparation were loaded in each lane. Prestained proteins with known molecular mass (Low range, Bio-Rad Laboratories) were loaded in parallel lanes as size markers. The resolved proteins were electrophoretically transferred onto 0.45-Am nitrocellulose membranes (Protran, Schleicher&Schuell GmbH, Germany) using a Mini Trans-Blot cell (Bio-Rad Laboratories).
Immunodetection of virion proteins
The membrane blots were blocked with 5% fat-free milk powder in PBS containing 0.1% Tween-20 (PBS-T) for 1 h at room temperature. The blots were then incubated for 1 h in G N -, G C -, and N-specific monoclonal antibodies (MAbs) appropriately diluted in 1% fat-free milk powder in PBS-T. The G N -and G C -specific MAbs were produced previously and N-specific MAb was obtained from Agdia, Inc. (USA). The reactive bands were visualized by incubating with a goat anti-mouse horseradish peroxidase-linked secondary conjugate, followed by enhanced chemiluminescence detection reagents (Amersham Phramacia Biotech, USA). Between each incubation step, the blots were washed three times for 10 min each in PBS-T. Finally, the blots were exposed to Hyperfilm ECL (Amersham Phramacia Biotech) for variable lengths of time.
Affinoblotting of virion proteins with lectins
For the detection of lectin-binding sites on virus glycoproteins following SDS-PAGE and transfer to nitrocellulose membrane, a battery of biotinylated lectins (Vector Laboratories, Inc., USA) with binding specificity to different oligosaccharide structures (Doyle, 1994 , and references therein, and Table 1 ) were used. The membrane blots were cut into strips and blocked in TBS (0.05 M Tris -HCl, 0.15 M NaCl, pH7.4) containing 0.1% (v/v) Tween-20 for 2 h. The strips were then incubated for 2 h at room temperature with 5 Ag/ml concentration of different biotin-labeled lectins diluted in TBS containing 0.05% Tween-20 (PBS-T), 1 mM CaCl 2 , and 1 mM MnCl 2 . All incubations were accompanied by controls in which the membrane strips were incubated in the presence of lectin and 100 -500 mM of lectinspecific hapten sugar (Vector Laboratories) listed in Table 1 . After washing the strips three times for 10 min each in TBS-T, the bound lectins were visualized with the DuoLux substrate using the alkaline phosphatase-based VECTAS-TAIN ABC-AmP Kit according to the manufacturer's instructions (Vector Laboratories). The sizes of the lectinreacting protein bands in affinoblots were correlated with the migration of TSWV proteins in Coomassie brilliant blue-stained gels and immunoblots by a calibration curve constructed by plotting the relative front (Rf) value versus the corresponding molecular mass (Mr) value for each protein.
Deglycosylation of virion proteins with glycosidases
For in vitro enzymatic release of N-linked oligosaccharides from viral glycoproteins (O'Neill, 1996) , 10 Ag of the purified virus preparation was suspended in a solution containing 0.5% SDS and 1% h-mercaptoethanol and denatured by heating in boiling water for 10 min to increase exposure of attached oligosaccharides to glycosidases. After cooling, the denatured viral protein samples were diluted in 50 mM sodium citrate buffer (pH 5.5) and digested with 5 U/AL of endoglycosidase H (endo H, New England Biolabs, USA) at 37 jC for 3 h. For digestion with peptide:N-glycosidase F (PNGase F, New England Biolabs), the denatured virus samples were diluted in 50 mM sodium phosphate buffer (pH 7.5) supplemented with 1% NP-40 and digested with 5 U/AL of PNGase F at 37 jC for 3 h. Control samples were incubated under identical conditions except in the absence of enzyme. At the end of the incubation, enzyme-treated and control samples were mixed with equal volume of 2Â Laemmli's sample buffer, denatured in boiling water for 3 min, and subjected to SDS-PAGE. The separated virion proteins were transferred onto nitrocellulose membrane and probed by affinoblotting or immunoblotting as described above.
